Experimental Verification of the Implementation of Bend-Twist Coupling in a Wind Turbine Blade by Luczak, Marcin et al.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 19, 2017
Experimental Verification of the Implementation of Bend-Twist Coupling in a Wind
Turbine Blade
Luczak, Marcin; Manzato, Simone; Peeters, Bart; Branner, Kim; Berring, Peter; Haselbach, Philipp Ulrich
Published in:
Proceedings
Publication date:
2011
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Luczak, M., Manzato, S., Peeters, B., Branner, K., Berring, P., & Haselbach, P. U. (2011). Experimental
Verification of the Implementation of Bend-Twist Coupling in a Wind Turbine Blade. In Proceedings European
Wind Energy Association (EWEA).
EWEA 2011 Scientific Proceedings
119
Ex
pe
rim
en
ta
l V
er
ifi
ca
tio
n
 
o
f t
he
 
Im
pl
em
en
ta
tio
n
 
o
f 
B
en
d-
Tw
is
t C
o
u
pl
in
g 
in
 
a 
W
in
d 
Tu
rb
in
e 
B
la
de
 
 
M
ar
ci
n 
Lu
cz
ak
,
 
 
Si
m
on
e
 
M
an
za
to
,
 
Ba
rt 
Pe
e
te
rs
 
Ki
m
 B
ra
n
n
er
,
 
 
Pe
te
r 
Be
rr
in
g,
 
Ph
ilip
p 
H
a
se
lb
ac
h 
 
LM
S 
In
te
rn
a
tio
n
a
l 
 
W
in
d 
En
er
gy
 
D
iv
is
io
n
,
 
 
R
is
ø
 D
TU
 
m
a
rc
in
.
lu
cz
a
k@
lm
si
nt
l.c
o
m
 
ki
br
@
ris
o
e
.
dt
u
.
dk
 
 A
bs
tr
ac
t 
Th
is
 
pa
pe
r 
pr
e
se
n
ts
 
so
m
e 
re
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lts
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n
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o
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  1.
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o
du
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io
n
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in
d 
tu
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in
e
 
bl
ad
es
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e
d 
to
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st
 
th
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e
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e
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ds
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n
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Su
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in
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th
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a
ct
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n
tro
l s
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m
 t
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re
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t 
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m
a
y 
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te
n
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tig
u
e
 
life
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ta
n
tia
lly
.
 
Th
is
 
pr
o
bl
em
 m
a
y 
be
 
o
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rc
o
m
e
 
by
 
a
n
 
a
er
o-
e
la
st
ic
 
ta
ilo
rin
g 
o
f t
he
 
bl
ad
es
.
 
Pa
rti
cu
la
r 
im
pl
em
en
ta
tio
n
 
o
f 
th
e 
a
n
is
o
tro
pi
c 
co
m
po
si
te
 
m
a
te
ria
l c
a
n
 
in
tro
du
ce
 
th
e
 
be
n
d-
tw
is
t c
ou
pl
in
g 
in
 
th
e
 
bl
ad
e
 
[7-
15
]. 
Th
e
 
co
u
pl
in
g 
ca
u
se
s 
th
e 
fe
a
th
e
rin
g 
bl
a
de
 
to
 
tw
is
t 
u
n
de
r 
th
e 
be
n
di
ng
 
lo
ad
 
a
n
d 
a
s 
a
 
re
su
lt 
de
cr
e
as
e
s 
th
e
 
an
gl
e 
o
f 
a
tta
ck
.
 
Th
is
 
pa
pe
r 
pr
e
se
n
ts
 
th
e
 
pr
o
gr
es
s 
a
n
d 
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su
lts
 
o
f a
 
co
m
pr
eh
e
n
si
ve
 
lo
n
g-
te
rm
 
sc
ie
n
tif
ic
 
re
se
ar
ch
 
fo
cu
se
d 
on
 
th
e
 
be
n
d-
tw
is
t 
co
u
pl
in
g 
a
n
a
lys
is
,
 
de
si
gn
 
a
n
d 
im
pl
em
en
ta
tio
n
 
in
 
w
in
d 
tu
rb
in
e
 
bl
ad
e
 
m
a
de
 
fro
m
 c
o
m
po
si
te
 
m
a
te
ria
ls
.
 
Fi
rs
t t
hr
e
e
 
pa
rts
 
o
f 
th
e
 
pa
pe
r 
br
ie
fly
 
re
ca
ll 
th
e
 
re
se
a
rc
h 
a
ct
iv
ity
 
ca
rr
ie
d 
o
u
t 
[1-
3] 
w
hi
le
 
th
e
 
m
a
in
 
fo
cu
s 
is
 
pu
t 
o
n
 
m
e
a
su
rin
g 
an
d 
m
o
de
lin
g 
th
e
 
dy
n
a
m
ic
 
be
ha
vi
or
 
de
sc
rib
e
d 
w
ith
in
 
th
e
 
fo
u
rth
 
pa
rt.
 
Th
e
 
fir
st
 
pa
rt 
o
f 
th
e
 
pa
pe
r 
re
po
rts
 
o
n
 
th
e 
e
xp
e
rim
e
n
ta
l a
n
d 
n
u
m
er
ic
al
 s
tu
di
es
 
o
f a
 
st
a
n
da
rd
 
w
in
d 
tu
rb
in
e 
bl
ad
e
 
se
ct
io
n
.
 
Th
e
 
w
in
d 
tu
rb
in
e 
bl
ad
e
 
se
ct
io
n
 
m
a
de
 
o
f 
co
m
po
si
te
 
m
a
te
ria
l 
w
as
 
st
a
tic
a
lly
 
te
st
e
d 
a
n
d 
m
od
e
le
d.
 
D
iff
e
re
n
t 
lo
a
d 
co
n
fig
u
ra
tio
n
s 
w
e
re
 
a
pp
lie
d 
a
t t
he
 
tip
 
o
f t
he
 
bl
ad
e
 
se
ct
io
n
 
to
 
a
ss
e
ss
 
th
e
 
tw
is
t a
n
d 
be
n
d 
be
ha
vi
or
 
[1]
.
 
Th
e
 
se
co
n
d 
pa
rt 
o
f 
th
e 
pa
pe
r 
pr
e
se
n
ts
 
th
e 
st
ru
ct
u
ra
l 
dy
n
a
m
ic
s 
id
en
tif
ic
a
tio
n
,
 
w
hi
ch
 
w
a
s 
pe
rfo
rm
e
d 
by
 
m
e
a
n
s 
o
f 
e
xp
e
rim
e
n
ta
l 
m
o
da
l 
a
n
a
lys
is
.
 
A 
fin
ite
 
e
le
m
e
n
t m
e
th
o
d 
m
o
de
l [2
] w
as
 
de
ve
lo
pe
d,
 
u
pd
a
te
d 
a
n
d 
va
lid
a
te
d 
ag
a
in
st
 
th
e 
st
a
tic
 
m
e
as
u
re
m
e
n
t 
re
su
lts
.
 
Ba
se
d 
o
n
 
th
e
 
va
lid
a
te
d 
m
od
e
l t
he
 
m
o
di
fie
d 
de
si
gn
 
o
f 
e
xi
st
in
g 
bl
ad
e
 
w
as
 
st
u
di
ed
.
 
A 
ba
se
lin
e
 
co
n
ce
pt
 
o
f 
th
e
 
m
o
di
fic
a
tio
n
 
w
as
 
im
pl
em
e
n
ta
tio
n
 
fo
r 
be
n
d-
tw
is
t 
co
u
pl
in
g 
by
 
m
e
a
n
s 
o
f 
a
pp
lic
a
tio
n
 
o
f 
a
dd
iti
on
a
l 
co
m
po
si
te
 
m
a
te
ria
l 
la
ye
rs
.
 
Th
e
 
o
rig
in
a
l 
bl
ad
e 
se
ct
io
n
 
w
as
 
m
o
di
fie
d 
w
ith
 
fo
u
r 
la
ye
rs
 
of
 
UD
12
00
,
 
w
hi
ch
 
w
er
e 
la
m
in
a
te
d 
o
n
 
th
e 
pr
e
ss
u
re
 
an
d 
su
ct
io
n
 
si
de
 
o
f 
th
e
 
bl
a
de
,
 
w
ith
 
a
n
 
a
n
gl
e 
o
f 
25
 
de
gr
e
es
 
to
 
th
e
 
bl
ad
e
 
a
xis
,
 
in
 
o
rd
er
 
to
 
cr
ea
te
 
a
 
m
e
a
su
ra
bl
e 
fla
pw
is
e
 
be
n
d-
tw
is
t c
ou
pl
in
g.
 
In
 
th
e
 
th
ird
 
pa
rt 
th
e 
st
a
tic
 
e
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e
rim
e
n
ta
l 
a
n
d 
n
u
m
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ic
a
l a
n
a
lys
is
 
o
n
 
th
e
 
m
o
di
fie
d 
bl
a
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se
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io
n
 
is
 
e
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e
d 
to
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y 
th
e
 
de
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gn
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e
ss
 
o
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he
 
be
n
d-
tw
is
t c
ou
pl
in
g.
 
Fi
na
lly
 
in
 
th
e 
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u
rth
 
pa
rt 
th
e
 
dy
n
a
m
ic
 
be
ha
vi
or
 
o
f 
th
e
 
m
o
di
fie
d 
bl
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e
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ct
io
n
 
is
 
e
xp
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lly
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e
n
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w
ith
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e
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m
e
n
t 
o
f 
th
e
 
co
u
pl
in
g.
 
M
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eo
ve
r 
th
e 
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e
n
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o
f 
th
e
 
su
pp
o
rt 
st
ru
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u
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n
a
m
ic
s 
o
n
 
th
e
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sp
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e
n
 
is
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u
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e
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  2.
 
St
at
ic
 
in
v
es
tig
at
io
n
 
o
f o
rig
in
al
 
bl
ad
e 
se
ct
io
n
 
St
a
tic
 
lo
a
ds
 
in
 
be
n
di
ng
,
 
to
rs
io
n
 
a
n
d 
co
m
bi
ne
d 
be
n
di
n
g 
an
d 
to
rs
io
n
 
co
n
fig
u
ra
tio
n
s 
w
er
e 
in
tro
du
ce
d 
w
ith
 
di
ffe
re
n
t 
lo
a
di
ng
 
fo
rc
e
 
le
ve
ls
 
[1-
3].
 
 
2.
1.
 
O
bje
ct
 
o
f t
he
 
in
v
es
tig
at
io
n
s 
Th
e
 
o
bje
ct
 
of
 
in
ve
st
ig
a
tio
n
 
is
 
a
n
 
8 
m
e
te
r 
lo
n
g 
se
ct
io
n
 
cu
t 
fro
m
 a
 
23
 
m
e
te
r 
w
in
d 
tu
rb
in
e
 
bl
ad
e
.
 
Th
is
 
se
ct
io
n
 
is
 
m
ou
n
te
d 
in
 
th
e
 
tw
o
 
ro
o
t 
cl
am
ps
 
w
ith
 
a
dd
iti
on
a
l c
la
m
p 
a
t 
th
e
 
tip
 
fo
r 
th
e 
hy
dr
au
lic
 
jac
k 
fa
st
e
n
in
g 
(F
ig
u
re
 
1).
 
 
 
Fi
gu
re
 
1 
W
in
d 
tu
rb
in
e 
bl
ad
e 
se
ct
io
n
 u
n
de
r 
in
v
es
tig
at
io
n
 w
ith
 th
e 
co
o
rd
in
at
e 
s
ys
te
m
.
 
Fo
r 
m
ea
su
re
m
en
ts
 
o
f t
he
 
o
rig
in
al
 
bl
ad
e,
 
ax
is
 
s
ys
te
m
 
is
 
ro
ta
te
d 
o
f 9
0°
 
ab
ou
t z
 
ax
is
 
 
Be
n
di
ng
 
an
gl
e
s 
ar
e
 
co
m
pu
te
d 
co
n
si
de
rin
g 
th
e 
ro
ta
tio
n
 
o
f 
tw
o
 
co
n
se
cu
tiv
e
 
m
e
as
u
re
d 
cr
os
s 
se
ct
io
n
s 
a
bo
u
t 
th
e
 
x 
a
xi
s.
 
Tw
is
t 
a
n
gl
es
 
ar
e 
co
m
pu
te
d 
a
s 
th
e
 
ro
ta
tio
n
 
ab
o
u
t t
he
 
z 
a
xis
 
o
f e
ac
h 
cr
os
s 
se
ct
io
n
 
w
ith
 
re
sp
e
ct
 
to
 
th
e
 
u
n
lo
ad
e
d 
co
n
fig
u
ra
tio
n
.
 
A 
de
ta
ile
d 
de
sc
rip
tio
n
 
o
f 
th
e 
ca
lc
u
la
tio
n
 
ca
n
 
be
 
fo
u
n
d 
in
 
[1]
.
 
Fi
gu
re
 
2 
sh
o
w
s 
th
e
 
be
n
d 
a
n
d 
tw
is
t 
a
n
gl
es
 
o
f 
th
e
 
or
ig
in
a
l b
la
de
 
co
m
pu
te
d 
fro
m
 th
e
 
st
a
tic
 
be
n
di
ng
 
m
e
as
u
re
m
e
n
t. 
-
0,
03
-
0,
02
5
-
0,
02
-
0,
01
5
-
0,
01
-
0,
00
50
0,
00
5
0
10
00
20
00
30
00
40
00
50
00
Sp
a
nw
is
e
 
di
st
a
nc
e
 
[m
m
]
Rotation x [rad]
 
-
0,
03
-
0,
02
5
-
0,
02
-
0,
01
5
-
0,
01
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]
Rotation z [rad]
 
Fi
gu
re
 
2 
B
en
di
n
g 
sl
o
pe
 
an
gl
e 
(to
p) 
an
d 
cr
o
ss
 
se
ct
io
n
s 
tw
is
t a
n
gl
e 
(bo
tto
m
) v
al
u
es
 
u
n
de
r 
fla
pw
is
e 
be
n
di
n
g 
lo
ad
. T
he
 
bl
ad
e 
se
ct
io
n
 is
 
be
n
di
n
g 
bu
t n
o
t t
w
is
tin
g.
 
Th
at
 
in
di
ca
te
s 
th
at
 
th
e 
be
n
d-
tw
is
t c
o
u
pl
in
g 
is
 
cl
o
se
 
to
 z
er
o
 
 
G
ra
ph
 
in
di
ca
te
s 
th
a
t t
he
 
be
n
d-
tw
is
t c
o
u
pl
in
g 
is
 
e
qu
a
l o
r 
cl
os
e
 
to
 
ze
ro
,
 
si
nc
e
 
th
e 
be
n
di
ng
 
m
o
m
en
t 
do
es
 
n
o
t r
e
su
lt 
in
 
a 
tw
is
t a
n
gl
e 
(ro
ta
tio
n
 
a
bo
u
t t
he
 
z-
a
xis
) o
f t
he
 
bl
ad
e
 
se
ct
io
n
.
 
3.
 
D
yn
a
m
ic
 
in
v
es
tig
at
io
n
 
o
f 
o
rig
in
al
 
bl
ad
e 
se
ct
io
n
 
O
bs
e
rv
a
tio
n
s 
fro
m
 
th
e
 
st
a
tic
 
in
ve
st
ig
a
tio
n
s 
w
e
re
 
ve
rif
ie
d 
in
 
th
e 
st
ru
ct
u
ra
l 
dy
n
a
m
ic
s 
o
f 
th
e 
te
st
e
d 
or
ig
in
a
l b
la
de
 
se
ct
io
n
 
[19
]. 
M
ea
su
re
m
e
n
t 
po
in
ts
 
w
e
re
 
de
fin
e
d 
o
n
 
th
e
 
le
a
di
ng
 
an
d 
tra
ilin
g 
e
dg
e 
a
t 
th
irt
e
e
n
 
cr
o
ss
 
se
ct
io
n
s.
 
Fl
ap
w
is
e
 
a
n
d 
e
dg
ew
is
e
 
di
re
ct
io
n
 
ac
ce
le
ra
tio
n
s 
w
e
re
 
m
e
a
su
re
d.
 
Po
in
ts
 
o
n
 
th
e
 
su
pp
o
rt 
st
ru
ct
u
re
 
w
e
re
 
n
o
t 
m
e
a
su
re
d.
 
As
 
th
e
 
dr
a
w
ba
ck
 
o
f t
hi
s 
fa
ct
 
so
m
e
 
o
f 
th
e
 
n
a
tu
ra
l f
re
qu
en
ci
e
s 
o
f 
th
e
 
su
pp
o
rt 
st
ru
ct
u
re
 
w
e
re
 
in
de
n
tif
ie
d 
a
s 
th
e
 
m
od
e
s 
o
f t
he
 
bl
a
de
 
w
hi
le
 
th
e
y 
a
re
 
m
o
de
s 
o
f t
he
 
su
pp
o
rt 
st
ru
ct
u
re
.
 
N
a
tu
ra
l 
fre
qu
en
ci
e
s 
a
n
d 
co
rr
es
po
n
di
ng
 
m
o
de
 
sh
a
pe
s 
w
e
re
 
es
tim
a
te
d 
an
d 
so
m
e 
e
xa
m
pl
es
 
a
re
 
pr
es
e
n
te
d 
o
n
 
th
e
 
Fi
gu
re
 
3.
 
 
 
 
Fi
gu
re
 
3 
3D
 
pl
o
ts
 
o
f m
o
de
 
sh
ap
es
 
o
f o
rig
in
al
 
bl
ad
e 
se
ct
io
n
. 
1s
t  
fla
p 
w
is
e 
be
n
di
n
g 
(to
p)
 
an
d 
fir
st
 
ed
ge
w
is
e 
be
n
di
n
g 
(bo
tto
m
) 
  4.
 
St
at
ic
 
in
v
es
tig
at
io
n
 
o
f 
m
o
di
fie
d 
bl
ad
e 
se
ct
io
n
 
O
n
e
 
o
f 
th
e 
pr
im
a
ry
 
a
im
s 
o
f 
th
is
 
lo
n
g-
te
rm
 
re
se
ar
ch
 
is 
to
 
st
u
dy
,
 
de
si
gn
 
a
n
d 
im
pl
em
e
n
t 
de
si
re
d 
be
n
d-
tw
is
t c
o
u
pl
ed
 
be
ha
vi
or
.
 
Th
e
 
o
rig
in
a
l 
bl
ad
e
 
se
ct
io
n
 
w
as
 
m
o
di
fie
d 
w
ith
 
fo
u
r 
la
ye
rs
 
o
f 
UD
12
00
,
 
w
hi
ch
 
w
e
re
 
la
m
in
a
te
d 
o
n
 
th
e 
pr
e
ss
u
re
 
a
n
d 
su
ct
io
n
 
si
de
 
o
f t
he
 
bl
ad
e
 
w
ith
 
th
e 
fib
e
rs
 
an
gl
e 
o
f 2
5°
 
to
 
cr
ea
te
 
a
 
m
e
as
u
ra
bl
e 
fla
pw
is
e
 
be
n
d-
tw
is
t 
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D
u
rin
g 
th
e 
pr
oc
es
si
n
g 
o
f 
th
e
 
da
ta
,
 
so
m
e
 
si
gn
ific
a
n
t 
n
oi
se
 
w
as
 
o
bs
e
rv
e
d 
in
 
th
e 
a
cq
u
ire
d 
FR
Fs
 
in
 
th
e 
lo
w
 
fre
qu
en
cy
 
re
gi
o
n
.
 
Th
e
 
dr
iv
in
g 
po
in
t 
co
he
re
n
ce
 
fu
n
ct
io
n
s 
sh
ow
 
a
 
sm
al
l d
ro
p 
in
 
th
is
 
re
gi
on
,
 
m
e
a
n
in
g 
a
 
n
o
n
-
id
e
a
l 
e
xc
ita
tio
n
 
(F
ig
u
re
 
7).
 
 
 
Fi
gu
re
 
7 
Co
he
re
n
ce
 
fu
n
ct
io
n
s 
fo
r 
th
e 
tw
o
 
dr
iv
in
g 
po
in
ts
.
 
It 
is
 
u
se
d 
m
ea
su
re
 
o
f t
he
 
FR
F 
qu
al
ity
.
 
Id
ea
lly
 
it 
sh
ou
ld
 ta
ke
 
v
al
u
e 
eq
ua
l 1
.
 
  Th
e
 
m
o
da
l 
pa
ra
m
e
te
r 
id
en
tif
ic
a
tio
n
 
te
ch
n
iq
u
e
 
w
as
 
n
o
t 
a
bl
e 
to
 
cl
ea
rly
 
st
a
bi
liz
e
 
m
o
de
s 
in
 
th
is
 
re
gi
on
,
 
po
ss
ib
ly 
re
su
lti
ng
 
in
 
so
m
e
 
lo
ca
l e
rr
o
rs
 
in
 
th
e
 
m
o
de
 
sh
a
pe
s 
be
lo
w
 
7 
H
z.
 
Th
e
 
es
tim
at
io
n
 
pr
o
vi
de
d 
n
a
tu
ra
l f
re
qu
e
n
ci
es
,
 
m
o
de
 
sh
a
pe
s 
a
n
d 
co
rr
es
po
n
di
ng
 
da
m
pi
n
g 
ra
tio
s 
in
 
th
e
 
fre
qu
en
cy
 
ba
n
dw
id
th
 
0-
60
 
H
z.
 
Fi
rs
t f
iv
e
 
o
u
t o
f 1
2 
id
e
n
tif
ie
d 
m
o
de
 
sh
a
pe
s 
a
re
 
pr
o
vi
de
d 
o
n
 
Fi
gu
re
 
8.
 
M
AC
 
(M
o
da
l A
ss
u
ra
n
ce
 
Cr
ite
rio
n
) c
an
 
be
 
u
se
d 
to
 
co
m
pa
re
 
tw
o
 
m
o
da
l 
m
o
de
ls
.
 
Th
e
 
M
AC
 
be
tw
ee
n
 
tw
o
 
m
o
de
 
sh
ap
e
 
ve
ct
o
rs
,
 
φ 
a
n
d 
()  φ
 
 
,
 
is
 
de
fin
e
d 
as
: 
()
() ()
() s
s
s
s
M
AC
i
T
i
i
T i
i
T i
φ
φφ
φ
φ
φ
2
=
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(1)
 
If 
a
 
lin
e
a
r 
re
la
tio
n
sh
ip
 
e
xis
ts
 
be
tw
ee
n
 
th
e
 
tw
o
 
co
m
pl
e
x 
ve
ct
o
rs
 
φa
n
d 
()  φ
,
 
th
e
 
M
AC
 
va
lu
e
 
w
ill 
be
 
n
e
ar
 
to
 
10
0.
 
If 
th
e
y 
a
re
 
lin
e
a
rly
 
in
de
pe
n
de
n
t, 
th
e
 
M
AC
 
va
lu
e
 
w
ill 
be
 
sm
a
ll 
(ne
ar
 
ze
ro
). F
ig
u
re
 
9 
sh
ow
s 
a
 
co
m
pa
ris
on
 
be
tw
e
en
 
th
e 
Au
to
M
AC
 
o
f 
th
e
 
m
o
da
l 
m
o
de
l 
o
bt
a
in
e
d 
by
 
co
n
si
de
rin
g 
o
n
ly 
th
e
 
se
n
so
rs
 
o
n
 
th
e
 
bl
ad
e 
a
n
d 
th
e
 
o
n
e
 
w
he
re
 
a
ls
o
 
th
e
 
re
sp
o
n
se
 
o
f 
th
e 
su
pp
o
rti
ng
 
st
ru
ct
u
re
 
is
 
in
cl
ud
e
d.
 
 
Lo
w
 
va
lu
e
d 
o
ff-
di
ag
on
a
l 
te
rm
s 
fo
r 
th
e 
bl
ad
e
 
o
n
ly 
m
o
de
l 
e
n
su
re
 
lin
e
a
r 
in
de
pe
n
de
n
ce
 
o
f 
e
st
im
at
e
d 
m
o
da
l 
ve
ct
o
rs
.
 
Th
e
 
co
rr
e
la
tio
n
 
be
tw
ee
n
 
o
ff-
di
ag
on
a
l 
te
rm
s 
is
 
in
cr
ea
se
d 
w
he
n
 
in
cl
ud
in
g 
th
e
 
su
pp
o
rti
ng
 
st
ru
ct
u
re
 
in
 
th
e
 
a
n
a
lys
is
.
 
Th
is
 
is
 
du
e
 
to
 
th
e
 
fa
ct
 
th
a
t 
th
e
 
cl
am
pi
n
g 
is
 
n
o
t 
pe
rfe
ct
ly 
rig
id
 
a
n
d 
th
e
 
su
pp
o
rt 
ha
s 
its
 
o
w
n
 
dy
n
a
m
ic
 
be
ha
vi
or
 
w
hi
ch
 
in
flu
e
n
ce
s 
th
e
 
m
e
a
su
re
d 
re
sp
o
n
se
 
o
f t
he
 
bl
ad
e
.
 
 
   
 
a
) 
1s
t  
be
n
d 
fla
p 
 
b) 
1s
t  
be
n
d 
e
dg
e
 
 
 
c) 
2n
d  
be
n
d 
fla
p 
 
d) 
1s
t  
to
rs
io
n
 
 
e) 
2n
d  
be
n
d 
ed
ge
 
Fi
gu
re
 
8 
a-
e 
Es
tim
at
ed
 e
x
pe
rim
en
ta
l m
o
de
 
sh
ap
es
 
o
f t
he
 
m
o
di
fie
d 
bl
ad
e 
se
ct
io
n
 a
n
d 
su
pp
or
t s
tr
u
ct
u
re
 
co
u
pl
in
g.
 
Th
e 
a
dd
iti
on
a
l l
ay
e
rs
 
w
er
e
 
la
m
in
a
te
d 
as
 
in
di
ca
te
d 
in
 
Fi
gu
re
 
4.
 
 
 
Fi
gu
re
 
4 
Fi
be
r 
o
rie
n
ta
tio
n
s 
o
f t
he
 
ex
tr
a 
UD
 
la
ye
rs
 
 
To
 
ve
rif
y 
th
e 
n
u
m
er
ic
a
l p
re
di
ct
io
n
 
o
f t
he
 
be
n
d-
tw
is
t 
co
u
pl
in
g 
th
e
 
st
a
tic
 
te
st
s 
ca
m
pa
ig
n
 
w
a
s 
re
pe
a
te
d 
su
ch
 
as
 
on
 
a 
m
o
di
fie
d 
bl
ad
e
.
 
Th
e 
tw
is
t 
a
n
gl
es
 
fo
r 
e
qu
id
is
ta
n
t 
cr
os
s 
se
ct
io
n
s 
u
n
de
r 
fla
pw
is
e
 
be
n
di
ng
 
lo
ad
 
w
e
re
 
ca
lc
u
la
te
d 
fro
m
 
m
e
a
su
re
m
e
n
t (F
ig
u
re
 
5).
 
 
-
0,
03
-
0,
02
5
-
0,
02
-
0,
01
5
-
0,
01
-
0,
00
50
0,
00
5
0
10
00
20
00
30
00
40
00
50
00
Sp
a
nw
is
e
 
di
st
a
nc
e
 
[m
m
]
Rotation z [rad]
 
Fi
gu
re
 
5 
Tw
is
t a
n
gl
e 
u
n
de
r 
fla
pw
is
e 
be
n
di
n
g 
lo
ad
. T
hi
s 
in
di
ca
te
s 
th
at
 
th
e 
bl
ad
e 
se
ct
io
n
 h
as
 
a 
m
ea
su
ra
bl
e 
be
n
d-
tw
is
t c
o
u
pl
in
g 
 
As
su
m
in
g 
th
at
 
th
e
 
sh
e
a
r 
ce
n
te
r 
is
 
lo
ca
te
d 
in
 
th
e
 
ce
n
te
r 
o
f t
he
 
sp
ar
,
 
th
e 
ro
ta
tio
n
 
a
n
gl
es
 
ab
o
u
t t
he
 
z 
a
xi
s 
fo
r 
th
e
 
m
o
di
fie
d 
bl
ad
e
 
se
ct
io
n
 
in
 
Fi
gu
re
 
5 
sh
ow
 
a
 
m
e
as
u
ra
bl
e
 
be
n
d-
tw
is
t c
o
u
pl
in
g.
 
 
  5.
 
D
yn
a
m
ic
 
in
v
es
tig
at
io
n
 
o
f 
m
o
di
fie
d 
bl
ad
e 
se
ct
io
n
 
Th
e
 
fla
pw
is
e 
be
n
d-
tw
is
t 
co
u
pl
in
g 
w
as
 
a
ls
o 
in
ve
st
ig
a
te
d 
by
 
m
e
a
n
s 
of
 
e
xp
e
rim
e
n
ta
l 
m
o
da
l 
a
n
a
lys
is
.
 
Th
e 
re
se
a
rc
h 
w
as
 
fo
cu
se
d 
o
n
 
th
e
 
be
n
d-
tw
is
t 
co
u
pl
in
g 
pr
es
en
ce
 
in
 
th
e
 
m
o
de
 
sh
ap
es
 
o
f 
th
e
 
bl
ad
e
 
se
ct
io
n
.
 
Im
po
rta
n
t 
a
sp
e
ct
 
w
a
s 
a
ls
o 
a
n
a
lys
is
 
o
f t
he
 
in
flu
e
n
ce
 
of
 
a
dd
iti
on
a
l m
a
ss
 
a
n
d 
st
iff
n
e
ss
 
in
tro
du
ce
d 
by
 
e
xt
ra
 
la
ye
rs
.
 
Fi
n
a
lly
 
th
e
 
in
flu
e
n
ce
 
o
f 
th
e
 
su
pp
or
t 
st
ru
ct
u
re
 
o
n
 
th
e
 
co
rr
e
la
tio
n
 
a
n
a
lys
is
 
be
tw
e
en
 
n
u
m
er
ic
a
l 
a
n
d 
e
xp
e
rim
e
n
ta
l m
o
da
l m
od
e
ls
 
w
as
 
st
u
di
ed
.
 
[16
,
 
17
]. 
Bl
ad
e
 
se
ct
io
n
 
w
as
 
e
xc
ite
d 
w
ith
 
tw
o 
e
le
ct
ro
-
dy
n
a
m
ic
 
sh
ak
e
rs
 
a
tta
ch
ed
 
a
t 
th
e
 
tip
 
e
n
d 
in
 
th
e
 
fla
pw
is
e
 
a
n
d 
e
dg
e
w
is
e 
di
re
ct
io
n
s.
 
Fr
e
qu
e
n
cy
 
R
es
po
n
se
 
Fu
n
ct
io
n
s 
w
e
re
 
m
e
a
su
re
d 
an
d 
st
or
e
d 
w
ith
in
 
0 
a
n
d 
12
0 
H
z 
fre
qu
e
n
cy
 
ra
n
ge
.
 
Fo
r 
ad
e
qu
at
e
 
id
e
n
tif
ic
a
tio
n
 
o
f 
th
e 
bl
ad
e
 
dy
n
a
m
ic
 
di
sp
la
ce
m
e
n
t, 
a
cc
e
le
ra
tio
n
s 
o
f 
th
e
 
vi
br
a
tio
n
s 
w
er
e
 
m
ea
su
re
d 
in
 
13
0 
po
in
ts
.
 
Th
irt
e
en
 
e
qu
id
is
ta
n
t 
m
e
a
su
re
m
e
n
t 
cr
os
s 
se
ct
io
n
s 
w
e
re
 
de
fin
e
d 
a
lo
n
g 
th
e
 
sp
an
 
w
is
e
 
di
re
ct
io
n
 
(Z)
 
e
ve
ry
 
0.
5 
[m
]. 
Ea
ch
 
cr
o
ss
 
se
ct
io
n
 
co
n
ta
in
s 
fiv
e 
m
e
a
su
re
m
e
n
t p
o
in
ts
 
in
 
w
hi
ch
 
a
cc
e
le
ra
tio
n
s 
w
er
e 
a
cq
u
ire
d 
a
lo
n
g 
th
e
 
fla
pw
ise
 
(X
) a
n
d 
e
dg
e
w
is
e
 
(Y
) 
di
re
ct
io
n
.
 
Th
es
e
 
po
in
ts
 
a
re
 
lo
ca
te
d 
a
t t
he
 
le
a
di
n
g 
e
dg
e
,
 
tra
ilin
g 
e
dg
e
,
 
on
 
th
e
 
lin
e
 
o
f a
irf
o
il 
m
a
xi
m
um
 
th
ic
kn
es
s 
an
d 
in
 
th
e
 
m
id
-
po
in
ts
 
be
tw
e
en
 
th
e
 
pr
e
vi
ou
s 
th
re
e
.
 
M
ea
su
re
m
e
n
t 
di
re
ct
io
n
s 
w
er
e
 
pr
ec
is
e
ly 
de
fin
e
d 
ba
se
d 
on
 
th
e
 
CA
D
 
ge
o
m
e
try
 
o
f 
th
e
 
bl
ad
e
 
se
ct
io
n
.
 
M
od
e
l 
qu
a
lity
 
a
ss
es
sm
e
n
t 
w
as
 
a
n
 
in
te
gr
a
te
d 
pa
rt 
o
f t
he
 
in
ve
st
ig
a
tio
n
.
 
Ex
ce
pt
 
tim
e 
in
va
ria
n
ce
 
a
n
o
th
er
 
co
n
di
tio
n
s 
m
u
st
 
be
 
o
bs
e
rv
e
d 
to
 
sa
tis
fy
 
o
f 
m
o
da
l a
n
a
lys
is
 
a
ss
u
m
pt
io
n
s:
 
lin
e
ar
ity
,
 
M
ax
w
e
ll’s
 
re
ci
pr
o
ci
ty
 
pr
in
ci
pl
e
 
a
n
d 
o
bs
e
rv
a
bi
lit
y.
 
Po
ss
ib
le
 
so
u
rc
e
s 
o
f 
n
o
n
lin
e
ar
itie
s 
w
ith
in
 
in
ve
st
ig
a
te
d 
st
ru
ct
u
re
 
ar
e 
m
a
te
ria
l 
pr
o
pe
rti
es
,
 
ge
o
m
e
tri
ca
l 
pr
o
pe
rti
es
 
a
n
d 
th
e
 
e
xi
st
e
n
ce
 
o
f b
o
n
d 
co
n
n
ec
tio
n
s 
Ve
rif
ic
a
tio
n
 
of
 
a
 
su
pe
rp
os
itio
n
 
ru
le
 
is
 
on
e
 
o
f t
he
 
m
e
th
o
ds
 
o
f 
de
te
ct
in
g 
n
o
n
lin
e
a
rit
ie
s.
 
Li
ne
a
rit
y 
ch
ec
k 
w
a
s 
do
n
e
 
fo
r 
th
e
 
le
ve
l o
f 
dr
iv
in
g 
vo
lta
ge
 
ra
n
gi
n
g 
fro
m
 0
.
5 
[V
] to
 
2 
[V
] w
ith
 
a
 
st
e
p 
o
f 0
.
5 
[V
]. 
R
es
u
lts
 
a
re
 
pr
es
e
n
te
d 
o
n
 
Fi
gu
re
 
6.
 
Fr
e
qu
e
n
cy
 
R
es
po
n
se
 
Fu
n
ct
io
n
 
(FR
F) 
be
tw
e
e
n
 
in
pu
t 
si
gn
a
l 
a
n
d 
o
u
tp
u
t s
pe
ct
ru
m
 d
e
fin
ed
 
a
s 
ac
ce
le
ra
tio
n
 
o
ve
r 
fo
rc
e
 
re
m
a
in
 
co
n
st
a
n
t i
nd
ep
e
n
de
n
tly
 
o
f e
xc
ita
tio
n
 
vo
lta
ge
 
le
ve
l. 
Th
is
 
pr
o
ve
s 
th
a
t 
th
e 
st
ru
ct
u
re
 
dy
n
a
m
ic
 
be
ha
vi
or
 
is
 
lin
e
ar
 
w
ith
in
 
ba
n
dw
id
th
 
o
f 
in
te
re
st
.
 
 
Th
e
 
re
ci
pr
oc
ity
 
ch
e
ck
 
is
 
ba
se
d 
o
n
 
M
a
xw
e
ll’s
 
pr
in
ci
pl
e,
 
w
hi
ch
 
st
a
te
s 
th
a
t t
he
 
FR
Fs
 
o
bt
a
in
e
d 
by
 
a
pp
lyi
ng
 
th
e
 
fo
rc
e 
o
n
 
po
in
t 1
 
a
n
d 
m
e
as
u
rin
g 
th
e
 
re
sp
o
n
se
 
in
 
2 
a
n
d 
vic
e 
ve
rs
a
 
sh
o
u
ld
 
be
 
th
e 
sa
m
e
.
 
Th
e 
re
su
lts
 
fo
r 
th
e
 
tw
o
 
ch
e
ck
s 
pe
rfo
rm
e
d 
co
n
fir
m
e
d 
ap
pl
ic
ab
ilit
y 
o
f t
he
 
re
ci
pr
oc
ity
 
ru
le
.
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D
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Y
lin
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D
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D
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_
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V
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D
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+
Y/
D
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+
Y
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e
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_
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e
ck
_
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V
 
Fi
gu
re
 
6 
Li
n
ea
rit
y 
ch
ec
k 
fo
r 
o
n
e 
o
f t
he
 
po
in
ts
 
o
n
 th
e 
bl
ad
e.
 
Vo
lta
ge
 
v
al
u
es
=
 
0.
5V
, 
1V
, 
1,
5V
 
an
d 
2V
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Fi
gu
re
 
9 
A
u
to
M
A
C 
m
at
ric
es
 
fo
r 
ex
pe
rim
en
ta
l 
m
o
da
l m
o
de
l w
ith
 s
en
so
rs
 
o
n
ly
 
o
n
 th
e 
m
o
di
fie
d 
bl
ad
e 
se
ct
io
n
 (to
p)
 
an
d 
bl
ad
e 
se
ct
io
n
 w
ith
 it
’
s 
su
pp
or
t s
tr
u
ct
u
re
 
(bo
tto
m
) 
 
O
n
 
Fi
gu
re
 
9,
 
re
d 
co
lo
r 
co
rr
e
sp
o
n
ds
 
to
 
M
AC
 
va
lu
e
 
e
qu
a
l 
10
0.
 
D
ar
k 
Bl
ue
 
co
lo
r 
re
fle
ct
s 
th
e 
M
AC
 
va
lu
e 
0.
 
M
od
es
 
co
rr
es
po
n
di
ng
 
to
 
fre
qu
en
ci
e
s 
8 
H
z,
 
28
 
H
z,
 
31
 
H
z 
a
n
d 
33
 
H
z 
ar
e
 
re
la
te
d 
to
 
dy
n
a
m
ic
 
pr
o
pe
rti
es
 
o
f 
th
e
 
su
pp
or
tin
g 
st
ru
ct
u
re
.
 
 
5.
1 
Co
rr
el
at
io
n
 
an
al
ys
is
 
fo
r 
th
e 
si
m
u
la
tio
n
 
an
d 
te
st
 
re
su
lts
 
Ba
se
d 
o
n
 
th
e
 
e
st
im
at
ed
 
e
xp
e
rim
e
n
ta
l 
m
o
da
l 
m
o
de
l a
n
d 
tw
o
 
de
ve
lo
pe
d 
FE
M
 m
o
de
ls
 
(m
o
de
lin
g 
th
e
 
o
rig
in
a
l a
n
d 
m
o
di
fie
d 
bl
ad
es
) t
he
 
co
rr
e
la
tio
n
 
a
n
a
lys
is
 
ca
n
 
be
 
a
pp
lie
d.
 
Th
e
 
FE
 
m
od
e
l s
ho
u
ld
 
be
 
ch
ar
ac
te
riz
ed
 
by
 
go
o
d 
co
n
si
st
en
cy
 
o
f t
he
 
n
a
tu
ra
l 
fre
qu
en
cy
 
va
lu
e
s 
an
d 
m
o
de
 
sh
a
pe
s 
o
bt
a
in
e
d 
fro
m
 m
e
as
u
re
m
e
n
t. 
M
od
a
l A
ss
u
ra
n
ce
 
Cr
ite
rio
n
 
is
 
u
se
d 
a
s 
th
e 
o
rig
in
a
l-m
od
ifie
d 
bl
ad
e
 
si
m
ul
at
io
n
 
a
n
d 
a
ls
o
 
te
st
-
si
m
ul
at
io
n
 
co
rr
e
la
tio
n
 
m
e
tri
cs
.
 
Th
e
 
gl
ob
a
l a
xi
s 
sy
st
e
m
 u
se
d 
to
 
de
fin
e 
th
e
 
te
st
 
m
o
de
l d
iff
e
rs
 
fro
m
 th
a
t u
se
d 
fo
r 
th
e 
FE
 
m
o
de
l. 
In
 
o
rd
er
 
to
 
m
a
ke
 
th
e
 
m
o
de
ls
 
m
a
tc
h 
it 
is
 
n
e
ce
ss
a
ry
 
to
 
a
pp
ly 
ge
om
e
tri
c 
co
rr
e
la
tio
n
 
by
 
tra
n
sl
at
io
n
 
an
d 
ro
ta
tio
n
 
o
f t
he
 
te
st
 
m
o
de
l (F
ig
u
re
 
10
). N
ex
t s
te
p 
is 
n
o
de
 
m
a
pp
in
g.
 
Th
e
 
n
u
m
be
r 
o
f 
m
ea
su
re
m
e
n
t 
n
o
de
s 
is
 
m
u
ch
 
le
ss
 
th
a
n
 
th
e
 
FE
 
n
o
de
s.
 
M
od
a
l 
ve
ct
o
rs
 
a
re
 
co
m
pa
re
d 
on
ly 
fo
r 
th
e
 
n
o
de
s 
fro
m
 F
E 
w
hi
ch
 
a
re
 
lo
ca
te
d 
cl
o
se
st
 
to
 
th
e
 
m
e
a
su
re
m
en
t 
po
in
ts
.
 
O
n
ly 
th
e
 
po
rti
on
 
of
 
th
e
 
bl
ad
e
 
a
fte
r 
th
e
 
cl
am
p 
is
 
co
n
si
de
re
d.
 
 
Fo
r 
te
st
s 
de
sc
rib
ed
 
in
 
se
ct
io
n
 
2 
to
 
4,
 
th
e 
su
pp
o
rt 
st
ru
ct
u
re
 
w
as
 
n
o
t t
a
ke
n
 
in
to
 
ac
co
u
n
t a
n
d 
m
e
a
su
re
d 
da
ta
 
re
du
ce
d 
to
 
o
bt
a
in
 
a 
pe
rfe
ct
ly 
rig
id
 
bo
u
n
da
ry
 
co
n
di
tio
n
 
o
n
 
th
e
 
cl
am
pe
d 
se
ct
io
n
 
[1-
5].
 
Si
nc
e
 
th
e
 
FE
M
 m
o
de
l 
o
f 
th
e
 
bl
a
de
 
is
 
m
o
de
le
d 
u
si
ng
 
th
e
 
sa
m
e
 
a
ss
u
m
pt
io
n
,
 
so
m
e
 
di
ffe
re
n
ce
s 
in
 
fre
qu
en
cy
 
va
lu
es
 
a
n
d 
m
o
de
 
sh
a
pe
s 
fro
m
 
e
xp
e
rim
e
n
ta
l 
re
su
lts
 
fo
r 
th
e
 
m
o
di
fie
d 
bl
ad
e
 
ar
e 
e
xp
e
ct
ed
.
 
 
 
 
Fi
gu
re
 
10
 
Te
st
 
an
d 
FE
 
ge
o
m
et
ry
 
co
rr
el
at
io
n
 w
ith
 n
o
de
 
m
ap
pi
n
g.
 
 Th
e
 
bl
ad
e
 
m
o
de
l w
as
 
so
lve
d 
to
 
co
m
pu
te
 
m
od
e 
sh
ap
es
 
in
 
th
e
 
0-
60
 
H
z 
fre
qu
e
n
cy
 
ba
n
dw
id
th
 
a
n
d 
co
m
pu
ta
tio
n
s 
w
e
re
 
pe
rfo
rm
ed
 
o
n
 
a
 
50
Tf
lo
p 
cl
us
te
r.
 
Fi
rs
t 
M
o
da
l 
As
su
ra
n
ce
 
Cr
ite
rio
n
s 
w
e
re
 
ca
lc
u
la
te
d 
fo
r 
th
e
 
co
rr
es
po
n
di
ng
 
m
od
es
 
in
 
o
rd
er
 
to
 
a
ss
oc
ia
te
 
th
e 
cl
os
es
t 
n
u
m
e
ric
a
l 
a
n
d 
e
xp
e
rim
e
n
ta
l 
m
o
de
 
sh
ap
e
s 
(F
ig
u
re
 
11
). 
Th
e 
pr
oc
e
du
re
 
a
cc
o
u
n
te
d 
fo
r 
bo
th
 
n
a
tu
ra
l f
re
qu
en
cy
 
va
lu
e
 
a
n
d 
th
e 
m
o
de
 
sh
a
pe
 
co
n
si
st
e
n
cy
.
 
 
 
Fi
gu
re
 
11
 
M
A
C 
m
at
rix
 
fo
r 
te
st
 
an
d 
FE
 
si
m
u
la
tio
n
 m
o
da
l v
ec
to
rs
 
o
f m
o
di
fie
d 
bl
ad
e.
 
 
Th
e
 
fo
llo
w
in
g 
m
o
de
s 
w
er
e
 
in
ve
st
ig
a
te
d:
 
1s
t  
a
n
d 
2n
d  
fla
pw
is
e 
be
n
di
ng
,
 
1s
t  
a
n
d 
2n
d  
e
dg
ew
is
e
 
be
n
di
n
g 
a
n
d 
1s
t  
to
rs
io
n
a
l 
(F
ig
u
re
 
8).
 
Th
e
 
M
AC
 
m
a
tri
x 
in
 
Fi
gu
re
 
11
 
cl
e
ar
ly 
sh
o
w
s 
th
a
t 
th
e
 
o
ff-
di
ag
on
a
l 
te
rm
s 
ar
e
 
lo
w
 
va
lu
e
d 
w
hi
ch
 
co
n
fir
m
s 
lin
e
a
r 
in
de
pe
n
de
n
ce
 
o
f e
st
im
at
e
d 
m
od
a
l v
e
ct
or
s.
 
Th
e
 
be
st
 
te
st
 
a
n
d 
si
m
ul
at
io
n
 
m
o
da
l 
ve
ct
or
s 
co
n
si
st
e
n
cy
 
ca
n
 
be
 
o
bs
e
rv
e
d 
fo
r 
th
e 
2n
d  
fla
pw
is
e 
m
o
de
.
 
Th
e 
co
n
si
st
e
n
cy
 
o
f 
th
e
 
re
su
lts
 
ca
n
 
be
 
re
co
gn
iz
ed
 
as
 
sa
tis
fa
ct
o
ry
,
 
ho
w
e
ve
r 
th
e
 
pr
e
se
n
t 
di
ffe
re
n
ce
s 
n
e
e
d 
to
 
be
 
fu
rth
er
 
in
ve
st
ig
a
te
d.
 
O
bs
e
rv
in
g 
th
e
 
va
lu
e
s 
o
f 
th
e
 
M
AC
 
cr
ite
rio
n
 
be
tw
ee
n
 
te
st
 
a
n
d 
si
m
ul
a
tio
n
 
m
o
de
s 
(Fi
gu
re
 
9),
 
di
ffe
re
n
ce
s 
ca
n
 
be
 
n
o
tif
ie
d.
 
Th
e
y 
a
re
 
ca
u
se
d 
by
 
th
e
 
in
flu
e
n
ce
 
o
f 
th
e
 
su
pp
o
rt 
st
ru
ct
u
re
 
a
n
d 
n
o
t 
pe
rfe
ct
ly 
e
xc
ite
d 
1s
t  
be
n
di
n
g 
m
o
de
.
 
Co
m
pa
ris
on
 
o
f 
n
a
tu
ra
l 
fre
qu
e
n
ci
es
 
fo
r 
e
xp
er
im
en
ta
l 
a
n
d 
si
m
ul
at
io
n
 
fo
r 
th
e
 
o
rig
in
a
l a
n
d 
m
od
ifie
d 
bl
ad
e
 
is
 
pr
es
e
n
te
d 
in
 
Ta
bl
e 
1.
 
 
O
rig
in
al
 
bl
ad
e 
 
FE
 
O
rig
in
al
 
bl
ad
e 
Te
st
 
M
od
ifi
ed
 
bl
ad
e 
 
FE
 
M
od
ifi
ed
 
bl
ad
e 
Te
st
 
4.
7 
H
z 
4.
5 
H
z 
5.
01
 
H
z 
4.
48
 
H
z 
1s
t  
be
n
d 
fla
p 
10
.
85
 
H
z 
8.
7 
H
z 
12
.
9 
H
z 
12
.
08
 
H
z 
1s
t  
be
n
d 
e
dg
e 
18
.
56
 
H
z 
18
.
9 
H
z 
20
.
03
 
H
z 
19
.
24
 
H
z 
2n
d  
be
n
d 
fla
p 
42
.
99
 
H
z 
39
.
5 
H
z 
43
.
75
 
H
z 
40
.
92
 
H
z 
1s
t  
to
rs
io
n
 
Ta
bl
e 
1 
Co
m
pa
ris
o
n
 o
f t
he
 
n
at
u
ra
l 
fre
qu
en
ci
es
 
fo
r 
th
e 
ex
pe
rim
en
ta
l a
n
d 
n
u
m
er
ic
al
 
re
su
lts
 
o
bt
ai
n
ed
 fo
r 
th
e 
o
rig
in
al
 
an
d 
m
o
di
fie
d 
bl
ad
e.
 
Th
e
 
di
ffe
re
n
ce
 
be
tw
ee
n
 
th
e
 
Te
st
 
a
n
d 
FE
 
fre
qu
en
ci
e
s 
ca
n
 
be
 
e
xp
la
in
e
d 
by
 
th
e
 
m
o
de
lin
g 
o
f 
th
e
 
bo
u
n
da
ry
 
co
n
di
tio
n
 
as
 
rig
id
 
in
 
FE
.
 
M
or
eo
ve
r,
 
fu
rth
e
r 
di
ffe
re
n
ce
s 
in
 
th
e
 
fre
qu
e
n
cy
 
va
lu
e
s 
be
tw
ee
n
 
o
rig
in
a
l a
n
d 
m
o
di
fie
d 
bl
ad
e
 
re
su
lts
 
ar
e 
in
tro
du
ce
d 
by
 
a
dd
iti
on
a
l 
m
a
ss
 
a
n
d 
st
iff
n
e
ss
 
im
pl
em
en
te
d 
fro
m
 
a
n
gl
ed
 
UD
 
la
ye
rs
 
on
 
th
e
 
su
ct
io
n
 
a
n
d 
pr
e
ss
u
re
 
si
de
 
o
f t
he
 
bl
a
de
.
 
Th
e
se
 
UD
 
la
ye
rs
 
in
tro
du
ce
 
m
ea
su
ra
bl
e
 
be
n
d-
tw
is
t 
co
u
pl
in
gs
,
 
w
hi
ch
 
th
e
 
or
ig
in
a
l b
la
de
 
di
d 
n
o
t 
ha
ve
 
bo
th
 
in
 
te
rm
s 
o
f s
ta
tic
 
a
n
d 
dy
n
a
m
ic
 
re
sp
o
n
se
 
o
f 
th
e
 
in
ve
st
ig
at
e
d 
se
ct
io
n
 
o
f 
th
e
 
bl
a
de
.
 
W
hi
le
 
in
 
st
a
tic
 
re
sp
on
se
 
th
er
e
 
w
as
 
cl
ea
r 
in
di
ca
tio
n
 
o
f t
he
 
co
u
pl
in
g,
 
th
e 
m
o
di
fic
a
tio
n
 
o
f d
yn
a
m
ic
 
st
iff
n
e
ss
 
is 
n
o
t f
u
lly
 
re
co
gn
iz
e
d 
w
hi
ch
 
ca
n
 
be
 
o
bs
er
ve
d 
fro
m
 
th
e
 
co
m
pa
ris
o
n
 
o
f t
he
 
si
m
ul
at
io
n
 
o
f o
rig
in
a
l a
n
d 
m
o
di
fie
d 
bl
ad
e
 
st
ru
ct
u
ra
l d
yn
a
m
ic
s 
(F
ig
u
re
 
12
).  
 
 
Fi
gu
re
 
12
 
M
A
C 
m
at
rix
 
fo
r 
o
rig
in
al
 
an
d 
m
o
di
fie
d 
bl
ad
e 
Fi
n
ite
 
El
em
en
t m
o
de
ls
 
 
10
0%
 
M
AC
 
m
a
tri
x 
te
rm
s 
fo
r 
th
e
 
fir
st
 
th
re
e
 
m
o
de
s 
m
a
y 
in
di
ca
te
 
th
a
t 
th
e
se
 
pa
rti
cu
la
r 
m
o
de
 
sh
ap
e
 
se
n
si
tiv
ity
 
to
w
a
rd
s 
th
e
 
im
pl
e
m
e
n
te
d 
a
dd
iti
on
a
l l
ay
e
rs
 
is
 
n
o
t s
ig
n
ific
a
n
t. 
 
5.
2 
Tw
is
t a
n
d 
be
n
d 
an
gl
es
 
co
m
pu
ta
tio
n
 
Us
in
g 
th
e
 
m
o
da
l 
ve
ct
or
s 
id
e
n
tif
ie
d 
fro
m
 
th
e
 
e
xp
e
rim
e
n
ta
l m
o
da
l a
n
a
lys
is
 
re
su
lts
 
o
r 
co
m
pu
te
d 
fro
m
 th
e
 
FE
 
m
o
de
l, 
tw
is
tin
g 
a
n
d 
be
n
di
n
g 
a
n
gl
es
 
fo
r 
pa
rti
cu
la
r 
m
o
de
 
sh
a
pe
s 
ca
n
 
be
 
co
m
pu
te
d.
 
Fo
r 
e
xp
e
rim
e
n
ta
l m
o
de
 
sh
a
pe
s,
 
a
 
fit
tin
g 
is
 
ap
pl
ie
d 
to
 
sm
o
o
th
 
o
u
t 
so
m
e
 
o
dd
 
lo
ca
l 
be
ha
vi
or
 
du
e
 
to
 
in
he
re
n
t 
er
ro
rs
 
in
 
th
e
 
m
e
a
su
rin
g 
pr
oc
es
s 
a
n
d 
e
xc
ita
tio
n
 
lim
ita
tio
n
s 
sh
ow
n
 
in
 
Fi
gu
re
 
7.
 
Fo
r 
tw
is
tin
g 
a
n
gl
es
,
 
a 
si
m
ila
r 
a
pp
ro
ac
h 
to
 
th
e 
o
n
e
 
u
se
d 
in
 
th
e
 
st
a
tic
 
co
m
pu
ta
tio
n
 
is
 
ap
pl
ie
d 
[1]
.
 
Fo
r 
e
ac
h 
cr
os
s-
se
ct
io
n
,
 
di
sp
la
ce
m
e
n
ts
 
fro
m
 t
he
 
u
n
de
fo
rm
ed
 
co
n
fig
u
ra
tio
n
 
a
re
 
a
ss
oc
ia
te
d 
to
 
th
e
 
e
st
im
at
e
d 
m
o
da
l 
a
m
pl
itu
de
s.
 
O
n
ly 
th
e
 
le
a
di
ng
 
a
n
d 
tra
ilin
g 
e
dg
e
 
re
su
lts
 
a
re
 
u
se
d 
in
 
th
e
 
co
m
pu
ta
tio
n
.
 
Bo
th
 
re
la
tiv
e
 
a
n
gl
es
 
fo
r 
e
ac
h 
se
ct
io
n
 
an
d 
th
e
 
su
m
 o
f 
th
e
se
 
a
n
gl
e
s 
al
on
g 
th
e
 
bl
ad
e
 
ar
e
 
co
m
pu
te
d.
 
Be
n
di
ng
 
an
gl
es
 
a
re
 
co
m
pu
te
d 
in
 
a
 
sl
ig
ht
ly 
di
ffe
re
n
t 
w
a
y 
th
a
n
 
fo
r 
st
a
tic
 
m
ea
su
re
m
e
n
ts
.
 
Th
e
 
m
o
da
l d
is
pl
ac
e
m
en
ts
 
o
bt
a
in
e
d 
fro
m
 t
he
 
se
n
so
rs
 
lo
ca
te
d 
o
n
 
th
e
 
po
in
t o
f m
a
xi
m
um
 th
ic
kn
e
ss
 
o
f t
he
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Fi
gu
re
 
13
 
Tw
is
t a
n
d 
be
n
d 
an
gl
e 
co
m
pu
ta
tio
n
 fr
o
m
 
n
u
m
er
ic
al
 
an
d 
ex
pe
rim
en
ta
l r
es
u
lts
 
fo
r 
o
rig
in
al
 
(le
ft 
co
lu
m
n
) a
n
d 
m
o
di
fie
d 
(ri
gh
t c
o
lu
m
n
) b
la
de
 
se
ct
io
n
 fo
r 
1s
t  
an
d 
2n
d  
fla
pw
is
e 
be
n
di
n
g 
m
o
de
 
sh
ap
es
.
 
B
la
de
 
se
gm
en
t b
et
w
ee
n
 2
 
cl
am
ps
 
is
 
n
o
t p
lo
tte
d.
 
  
 
Fi
gu
re
 
13
 
a
,
c,
e
,
g 
sh
ow
s 
th
e
 
o
rig
in
a
l b
la
de
 
tw
ist
 
a
n
gl
e 
an
d 
be
n
d 
tra
n
sl
at
io
n
 
co
m
pu
te
d 
fo
r 
th
e
 
1s
t 
a
n
d 
2n
d 
fla
pw
ise
 
m
o
de
s 
fo
r 
e
xp
e
rim
e
n
ta
l 
a
n
d 
n
u
m
er
ica
l r
es
u
lts
.
 
Fi
gu
re
 
13
 
b,
d,
f,h
 
sh
ow
s 
th
e
 
m
o
di
fie
d 
bl
ad
e 
tw
is
t 
an
d 
be
n
d 
an
gl
e 
co
m
pu
te
d 
fo
r 
th
e
 
1s
t 
an
d 
2n
d 
fla
pw
ise
 
m
o
de
s 
fo
r 
e
xp
e
rim
en
ta
l 
a
n
d 
n
u
m
er
ica
l r
es
u
lts
.
 
 
By
 
gr
a
ph
ica
lly
 
co
m
pa
rin
g 
th
e
 
di
ffe
re
n
t 
pl
ot
s,
 
it 
ca
n
 
be
 
im
m
ed
ia
te
ly 
o
bs
er
ve
d 
ho
w
 
th
e
 
co
m
pu
te
d 
to
rs
io
n
a
l 
a
n
gl
e 
is 
hi
gh
er
,
 
a
s 
e
xp
ec
te
d,
 
fo
r 
th
e 
m
o
di
fie
d 
bl
ad
e
 
th
an
 
fo
r 
th
e 
o
rig
in
a
l 
on
e
.
 
M
or
eo
ve
r,
 
th
e
 
tre
n
d 
o
f b
en
di
ng
 
is 
th
e 
sa
m
e
 
in
 
a
ll 
th
e
 
pl
ot
s,
 
co
n
fir
m
in
g 
th
a
t 
th
e
 
id
e
n
tif
ie
d 
m
od
e
 
sh
ap
es
 
in
 
th
e 
di
ffe
re
n
t p
ro
ce
ss
in
g 
ar
e
 
co
n
sis
te
n
t. 
Ev
e
n
 
if 
Fi
gu
re
 
13
 
b,
d,
f,h
 
sh
o
w
 
be
n
di
n
g 
m
o
da
l 
a
n
gl
es
 
in
st
ea
d 
o
f 
di
sp
la
ce
m
en
ts
,
 
th
ey
 
ca
n
 
be
 
di
re
ct
ly 
re
la
te
d.
 
By
 
co
m
pa
rin
g 
Fi
gu
re
 
13
b 
w
ith
 
13
d,
 
a
n
d 
13
f 
w
ith
 
13
h,
 
so
m
e
 
di
ffe
re
n
ce
 
ca
n
 
be
 
o
bs
e
rv
e
d.
 
M
od
a
l 
a
n
gl
e 
va
lu
e
s 
de
pe
n
ds
 
o
n
 
th
e
 
sc
a
lin
g 
a
pp
lie
d 
a
n
d 
th
e
 
sp
e
ci
fic
 
va
lu
es
 
is
 
n
o
t 
im
po
rta
n
t. 
M
or
eo
ve
r,
 
m
o
de
lin
g 
cla
m
pi
ng
 
as
 
rig
id
 
in
 
th
e
 
FE
 
m
o
de
l 
in
tro
du
ce
s 
a
 
di
ffe
re
n
t 
th
a
n
 
m
e
a
su
re
d 
bo
u
n
da
ry
 
co
n
di
tio
n
 
w
hi
ch
 
m
o
di
fie
s 
th
e
 
m
od
e
 
sh
ap
es
.
 
Fi
na
lly
,
 
fit
tin
g 
a
pp
lie
d 
to
 
e
xp
e
rim
en
ta
l 
re
su
lts
 
o
f c
ou
rs
e
 
gi
ve
s 
a
 
sm
o
o
th
e
r 
be
ha
vio
r 
bu
t 
ca
n
 
a
lso
 
in
tro
du
ce
 
so
m
e
 
n
u
m
e
ric
a
l e
rr
or
.
 
D
e
sp
ite
 
th
e
se
 
lo
ca
l p
ro
bl
em
s,
 
a
 
go
o
d 
a
gr
e
e
m
e
n
t b
e
tw
e
e
n
 
th
e
 
o
ve
ra
ll 
tre
n
d 
o
f t
he
 
tw
is
t a
n
d 
be
n
d 
a
n
gl
e 
fo
r 
m
e
a
su
re
d 
a
n
d 
si
m
ul
a
te
d 
re
su
lts
 
ca
n
 
be
 
o
bs
e
rv
e
d.
 
Th
is
 
o
bs
er
va
tio
n
 
w
o
u
ld
 
co
n
fir
m
 
so
m
e 
di
sc
re
pa
n
ci
es
 
in
 
be
tw
e
e
n
 
te
st
 
a
n
d 
sim
u
la
tio
n
s 
w
hi
ch
 
w
e
re
 
a
lre
ad
y 
sp
o
tte
d 
fo
r 
th
e
 
1s
t 
m
o
de
 
(F
ig
u
re
 
11
).  
Fo
r 
th
e
 
or
ig
in
a
l 
bl
ad
e 
th
e
 
be
n
di
n
g 
w
as
 
de
co
u
pl
e
d 
fro
m
 
tw
ist
in
g 
w
hi
ch
 
w
as
 
m
e
a
su
re
d 
(13
g) 
an
d 
sim
u
la
te
d 
(13
e).
 
In
tro
du
ce
d 
co
u
pl
in
g 
is 
cl
ea
rly
 
vis
ib
le
 
in
 
th
e
 
in
cr
e
as
e
d 
to
rs
io
n
a
l r
e
sp
o
n
se
 
fo
r 
th
e 
sim
u
la
te
d 
(13
f) 
an
d 
m
e
as
u
re
d 
re
su
lts
 
(13
h).
 
 
5.
4 
B
en
d-
tw
is
t c
o
u
pl
in
g 
in
de
x
 
O
n
e
 
o
f t
he
 
m
a
in
 
o
bje
ct
ive
s 
is
 
to
 
in
ve
st
ig
a
te
 
th
e 
a
m
o
u
n
t 
o
f 
tw
is
tin
g 
in
tro
du
ce
d 
by
 
th
e
 
a
dd
iti
on
al
 
UD
 
la
ye
rs
 
im
pl
em
e
n
te
d 
on
 
th
e
 
m
o
di
fie
d 
bl
ad
e
.
 
To
 
o
bt
a
in
 
a 
qu
a
n
tit
a
tiv
e
 
m
ea
su
re
 
o
f 
th
e 
co
u
pl
in
g 
be
tw
ee
n
 
tw
ist
in
g 
a
n
d 
be
n
di
ng
 
an
gl
e,
 
an
 
in
de
x 
is 
in
tro
du
ce
d.
 
Fo
r 
e
ac
h 
co
n
si
de
re
d 
bl
ad
e
 
cr
os
s-
se
ct
io
n
,
 
th
e 
ra
tio
 
be
tw
e
e
n
 
th
e
 
co
m
pu
te
d 
re
la
tiv
e
 
tw
is
tin
g 
a
n
d 
be
n
di
n
g 
an
gl
es
 
is 
e
va
lu
a
te
d.
 
A 
co
u
pl
in
g 
in
de
x 
va
lu
e
 
clo
se
 
to
 
ze
ro
 
m
e
a
n
s 
th
a
t t
he
 
tw
is
tin
g 
is 
n
eg
lig
ib
le
 
w
ith
 
re
sp
e
ct
 
to
 
th
e 
be
n
di
n
g 
fo
r 
th
e 
co
n
sid
e
re
d 
m
o
de
.
 
O
n
 
th
e
 
co
n
tra
ry
,
 
a
n
 
hi
gh
 
in
de
x 
va
lu
e
 
m
e
an
s 
th
a
t t
w
is
tin
g 
is 
do
m
in
an
t. 
If 
th
e
 
in
de
x 
is 
cl
os
e
 
to
 
o
n
e,
 
tw
is
tin
g 
an
d 
be
n
di
n
g 
a
re
 
o
f 
th
e
 
sa
m
e
 
or
de
r 
o
f 
m
a
gn
itu
de
.
 
Fi
gu
re
 
14
 
sh
ow
s 
th
e
 
co
m
pu
te
d 
co
u
pl
in
g 
in
de
x 
fo
r 
th
e
 
1s
t  
a
n
d 
2n
d  
fla
pw
ise
 
m
o
de
s 
bo
th
 
fo
r 
e
xp
e
rim
e
n
ta
l 
a
n
d 
n
u
m
e
ric
al
 re
su
lts
.
 
 
  
 
Fi
gu
re
 
14
 
: 
be
n
d-
tw
is
t c
o
u
pl
in
g 
in
de
x
 
fo
r 
1s
t  
(to
p) 
an
d 
2n
d 
(b
ot
to
m
) f
la
pw
is
e 
m
o
de
 
 
a
irf
o
il 
fo
r 
ea
ch
 
se
ct
io
n
 
a
re
 
co
n
si
de
re
d.
 
By
 
co
n
si
de
rin
g 
tw
o
 
co
n
se
cu
tiv
e
 
cr
os
s-
se
ct
io
n
s,
 
re
la
tiv
e
 
be
n
di
ng
 
is
 
e
va
lu
at
e
d 
a
s 
th
e
 
di
ffe
re
n
ce
 
be
tw
ee
n
 
th
e 
m
o
da
l 
di
sp
la
ce
m
e
n
ts
 
in
 
th
e
 
x 
di
re
ct
io
n
 
(se
e
 
Fi
gu
re
 
1).
 
Th
e
 
ta
n
ge
n
t 
o
f 
th
e
 
re
la
tiv
e
 
a
n
gl
e 
fo
r 
th
e
 
se
ct
io
n
 
is
 
th
e
n
 
co
m
pu
te
d 
by
 
di
vid
in
g 
th
e 
di
ffe
re
n
ce
 
fo
r 
th
e
 
le
n
gt
h 
o
f 
th
e
 
se
ct
io
n
.
 
O
n
 
e
ac
h 
cr
o
ss
-
se
ct
io
n
,
 
th
e
 
gl
ob
a
l 
be
n
di
n
g 
an
gl
e
 
is 
co
m
pu
te
d 
by
 
su
m
m
in
g 
a
ll 
th
e
 
re
la
tiv
e
 
a
n
gl
e
s 
fo
r 
th
e
 
pr
e
vio
u
s 
cr
os
s-
se
ct
io
n
s.
 
Co
m
pu
te
d 
an
gl
es
 
a
re
 
m
o
da
l 
a
n
gl
es
,
 
so
 
th
e
y 
de
pe
n
d 
o
n
 
th
e
 
sc
a
lin
g 
a
pp
lie
d 
to
 
th
e
 
m
o
da
l 
ve
ct
o
rs
.
 
M
or
eo
ve
r,
 
to
rs
io
n
al
 a
n
gl
es
 
a
re
 
co
m
pu
te
d 
a
ss
u
m
in
g 
th
at
 
th
e
 
m
as
s 
a
n
d 
sh
e
ar
 
ce
n
te
rs
 
ar
e 
in
 
th
e
 
sa
m
e
 
lo
ca
tio
n
s.
 
 
5.
3 
N
u
m
er
ic
al
 
an
d 
ex
pe
rim
en
ta
l t
w
is
t 
an
d 
be
n
d 
an
gl
es
 
Th
e
 
m
e
th
o
do
lo
gy
 
de
sc
rib
e
d 
in
 
se
ct
io
n
 
5.
2 
is
 
a
pp
lie
d 
bo
th
 
to
 
n
u
m
e
ric
a
l 
a
n
d 
e
xp
e
rim
en
ta
l 
m
o
da
l a
n
a
lys
is
 
re
su
lts
.
 
In
 
th
e
 
pr
es
en
t p
a
pe
r 
on
ly 
 
 
a
 
lim
ite
d 
pa
rt 
o
f 
th
e
 
e
xp
e
rim
e
n
ta
l 
re
su
lts
 
a
re
 
pr
es
e
n
te
d 
in
 
de
ta
ils
.
 
Th
e
 
re
su
lts
 
fo
r 
fir
st
 
a
n
d 
se
co
n
d 
fla
p 
m
o
de
s 
w
ill 
be
 
di
sc
u
ss
ed
.
 
 
O
rig
in
a
l 
bl
a
de
 
sim
u
la
tio
n
 
fla
p 
be
n
di
n
g 
tra
n
sla
tio
n
 
va
lu
e
s 
(F
ig
u
re
 
13
 
a
,
 
e) 
a
re
 
pl
o
tte
d 
w
ith
 
th
e
 
da
rk
 
bl
ue
,
 
e
dg
e
 
be
n
di
ng
 
w
ith
 
re
d 
a
n
d 
ro
ta
tio
n
 
w
ith
 
lig
ht
 
bl
ue
.
 
O
rig
in
a
l 
bl
ad
e
 
e
xp
e
rim
e
n
ta
l 
re
su
lts
 
ar
e 
pr
es
e
n
te
d 
on
 
Fi
gu
re
 
13
 
c,
 
g.
 
D
e
fle
ct
io
n
 
in
 
th
e
 
fla
p 
di
re
ct
io
n
 
is
 
pl
ot
te
d 
w
ith
 
th
e
 
re
d 
lin
e
,
 
e
dg
ew
ise
 
di
re
ct
io
n
 
w
ith
 
bl
ue
 
a
n
d 
ro
ta
tio
n
 
a
ro
u
n
d 
th
e
 
bl
ad
e 
a
xis
 
is
 
m
a
rk
ed
 
w
ith
 
gr
ee
n
.
 
Th
e
 
a
n
gl
e
s 
va
lu
es
 
a
re
 
a
ss
u
m
ed
 
to
 
be
 
0 
in
 
th
e
 
cl
am
pe
d 
se
ct
io
n
.
 
Fo
r 
th
e
 
m
o
di
fie
d 
bl
ad
e
 
se
ct
io
n
 
be
n
di
ng
 
a
n
gl
e 
va
lu
e
s 
ar
e
 
pl
o
tte
d 
in
 
da
rk
 
bl
ue
 
a
n
d 
tw
ist
 
in
 
re
d.
 
To
 
ha
ve
 
a
n
 
ov
e
rv
ie
w
 
o
f t
he
 
o
ve
ra
ll 
be
ha
vio
r,
 
th
e
 
a
bs
o
lu
te
 
a
n
gl
es
 
a
re
 
pr
e
se
n
te
d.
 
Re
su
lts
 
a
re
 
o
bt
a
in
ed
 
by
 
pr
o
ce
ss
in
g 
th
e 
fit
te
d 
m
o
de
 
sh
a
pe
s.
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 b
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Co
m
pa
rin
g 
th
e
 
n
u
m
er
ic
al
 
a
n
d 
e
xp
e
rim
en
ta
l 
re
su
lts
,
 
so
m
e 
di
ffe
re
n
ce
 
ca
n
 
be
 
ob
se
rv
ed
.
 
Th
es
e 
di
ffe
re
n
ce
s 
ar
e
 
di
re
ct
ly 
re
la
te
d 
to
 
th
e
 
o
bs
e
rv
a
tio
n
 
m
a
de
 
fo
r 
Fi
gu
re
 
11
.
 
Fo
r 
th
e
 
fir
st
 
m
o
de
 
sh
ap
e
 
th
e
 
M
AC
 
va
lu
e
 
be
tw
ee
n
 
e
xp
e
rim
en
t 
a
n
d 
n
u
m
er
ic
a
l 
m
o
de
l 
is
 
65
.
5.
 
Ex
pl
an
a
tio
n
 
o
f 
th
e
 
lo
w
e
r 
M
AC
 
va
lu
e
 
fo
r 
th
e
 
1s
t  
m
o
de
 
ca
n
 
be
 
fo
u
n
d 
in
 
th
e
 
co
he
re
n
ce
 
pl
o
t p
re
se
n
te
d 
o
n
 
Fi
gu
re
 
7.
 
It 
is
 
a 
ra
tio
 
o
f 
th
e
 
m
a
xim
u
m
 
e
n
e
rg
y 
in
 
a
 
co
m
bi
n
e
d 
ou
tp
u
t 
si
gn
a
l 
du
e
 
to
 
its
 
va
rio
u
s 
co
m
po
n
e
n
ts
,
 
a
n
d 
th
e 
to
ta
l 
a
m
o
u
n
t 
o
f 
e
n
e
rg
y 
in
 
th
e
 
o
u
tp
u
t 
si
gn
a
l. 
Co
he
re
n
ce
 
is 
u
se
d 
as
 
a
 
m
e
a
su
re
 
o
f t
he
 
po
w
e
r 
in
 
th
e
 
o
u
tp
u
t c
ha
n
n
e
l t
ha
t i
s 
ca
u
se
d 
by
 
th
e
 
po
w
er
 
in
 
th
e
 
in
pu
t 
o
r 
re
fe
re
n
ce
 
ch
a
n
n
e
l. 
As
 
su
ch
 
it 
is
 
u
se
fu
l i
n 
as
se
ss
in
g 
th
e
 
ac
cu
ra
cy
 
o
f t
he
 
fre
qu
en
cy
 
re
sp
o
n
se
 
fu
n
ct
io
n
 
m
e
a
su
re
m
e
n
ts
.
 
Th
e 
co
he
re
n
ce
 
fu
n
ct
io
n
 
ca
n
 
ta
ke
 
va
lu
e
s 
th
a
t 
ra
n
ge
 
be
tw
ee
n
 
0 
a
n
d 
1.
 
A 
hi
gh
 
va
lu
e
 
(ne
a
r 
1) 
in
di
ca
te
s 
th
a
t t
he
 
o
u
tp
u
t i
s 
du
e
 
a
lm
o
st
 
e
n
tir
e
ly 
to
 
th
e
 
in
pu
t 
a
n
d 
on
e
 
ca
n
 
fe
e
l 
co
n
fid
e
n
t 
in
 
th
e 
fre
qu
en
cy
 
re
sp
o
n
se
 
fu
n
ct
io
n
 
m
e
as
u
re
m
e
n
ts
.
 
A 
lo
w
 
va
lu
e 
(ne
ar
 
0) 
in
di
ca
te
s 
pr
o
bl
em
s 
su
ch
 
as
 
e
xt
ra
n
e
ou
s 
in
pu
t 
si
gn
a
ls
 
n
o
t 
be
in
g 
m
e
as
u
re
d,
 
n
o
is
e
,
 
n
o
n
lin
e
a
rit
ie
s 
o
r 
tim
e 
de
la
ys
 
in
 
th
e 
sy
st
e
m
. 
1s
t  
m
o
de
 
is 
lo
ca
te
d 
in
 
th
e 
fre
qu
e
n
cy
 
ra
n
ge
 
o
f 
re
la
tiv
e
ly 
po
or
 
co
he
re
n
ce
 
le
a
di
ng
 
to
 
de
cr
e
as
e
d 
qu
a
lit
y 
o
f 
it’
s 
e
st
im
at
io
n
.
 
Sh
a
ke
rs
 
w
hi
ch
 
w
e
re
 
u
se
d 
in
 
th
e
 
m
e
a
su
re
m
e
n
t 
ha
ve
 
a
 
lo
w
 
fre
qu
en
cy
 
lim
it 
a
ro
u
n
d 
2 
H
z.
 
Th
e 
e
xc
ita
tio
n
 
si
gn
a
l 
w
as
 
ra
n
do
m
 th
a
t p
ro
vi
de
s 
ho
m
o
ge
n
o
u
s 
di
st
rib
u
tio
n
 
o
f 
in
jec
te
d 
e
n
er
gy
 
o
ve
r 
th
e
 
ex
ci
te
d 
ba
n
dw
id
th
.
 
Th
is
 
co
u
ld
 
le
a
d 
to
 
th
e
 
in
su
ffi
ci
en
t 
e
n
e
rg
y 
e
xc
iti
ng
 
th
e 
1s
t  
m
o
de
.
 
M
or
e
o
ve
r 
sh
ak
e
rs
 
w
e
re
 
hu
n
g 
fro
m
 
su
pp
o
rt 
ca
bl
e
s.
 
In
 
su
ch
 
ca
se
 
a
t 
ve
ry
 
lo
w
 
fre
qu
en
cy
 
in
 
th
e
 
su
b-
10
 
H
z 
ra
n
ge
 
th
e
re
 
is
 
a
 
pr
o
bl
e
m
 t
o
 
pr
o
vi
de
 
m
o
re
 
in
e
rti
a 
to
 
pu
sh
 
a
ga
in
st
 
th
e
 
st
ru
ct
u
re
 
be
in
g 
ex
ci
te
d 
fo
r 
im
pr
o
ve
d 
pe
rfo
rm
a
n
ce
.
 
To
 
im
pr
o
ve
 
th
e
 
e
xc
ita
tio
n
 
o
f t
he
 
1s
t  
m
o
de
 
sh
a
pe
 
a
dd
iti
on
a
l 
m
a
ss
 
w
as
 
ap
pl
ie
d 
to
 
in
cr
e
as
e
 
th
e 
in
e
rti
a 
o
f 
th
e
 
sh
a
ke
rs
 
a
pp
ar
e
n
tly
 
br
in
gi
n
g 
n
o
t 
m
u
ch
 
im
pr
o
ve
m
e
n
t. 
In
 
th
e
 
hi
gh
e
r 
fre
qu
en
cy
 
w
he
re
 
th
e
 
di
sp
la
ce
m
e
n
ts
 
be
co
m
e 
lo
w
er
 
as
 
is 
th
e
 
ca
se
 
fo
r 
th
e 
2n
d  
m
o
de
 
th
e
 
co
n
si
st
e
n
cy
 
be
tw
e
en
 
te
st
 
an
d 
si
m
u
la
tio
n
 
is
 
m
u
ch
 
be
tte
r 
si
nc
e
 
th
e
 
M
AC
 
va
lu
e
 
is
 
88
,
5 
Be
n
d 
an
d 
tw
is
t 
a
n
gl
es
 
ca
lc
u
la
tio
n
s 
a
re
 
ba
se
d 
o
n
 
th
e
 
e
xp
e
rim
en
ta
l 
an
d 
n
u
m
e
ric
a
l 
m
o
da
l 
ve
ct
o
rs
.
 
Th
e 
di
ffe
re
n
ce
 
be
tw
ee
n
 
e
xp
e
rim
en
ta
l 
a
n
d 
n
u
m
er
ic
a
l 
m
o
de
ls
 
be
n
d-
tw
is
t 
in
de
xe
s 
is 
ca
u
se
d 
by
 
th
e
 
re
la
tiv
e
ly 
w
e
a
k 
e
xc
ita
tio
n
 
o
f t
he
 
1s
t  
m
o
de
 
du
e
 
to
 
th
e
 
a
bo
ve
m
e
n
tio
n
e
d 
re
a
se
n
s.
 
Co
u
pl
in
g 
in
de
x 
fo
r 
th
e
 
n
u
m
e
ric
a
l 
1s
t  
fla
pw
is
e 
be
n
di
n
g 
ha
s 
a
pp
ro
xi
m
at
e
ly 
a
 
co
n
st
a
n
t 
va
lu
e
 
th
ro
u
gh
o
u
t t
he
 
bl
ad
e
,
 
w
hi
le
 
a
 
di
ffe
re
n
t b
e
ha
vi
or
 
is
 
o
bs
e
rv
e
d 
fro
m
 e
xp
e
rim
e
n
ts
.
 
In
 
a
dd
iti
on
 
to
 
so
m
e 
o
dd
 
be
ha
vi
or
 
fro
m
 
lo
ca
l 
m
o
de
 
sh
a
pe
s 
w
hi
ch
 
co
u
ld
 
in
flu
en
ce
 
th
e
 
re
su
lts
,
 
it 
sh
ou
ld
 
a
ls
o 
be
 
n
o
te
d 
th
a
t t
he
 
m
e
as
u
re
d 
bo
u
n
da
ry
 
co
n
di
tio
n
s 
ar
e 
di
ffe
re
n
t t
ha
n
 
m
o
de
le
d.
 
Th
e
 
la
tte
r 
o
bs
e
rv
a
tio
n
 
ca
n
 
be
 
a
pp
lie
d 
a
ls
o
 
fo
r 
th
e
 
2n
d  
fla
p 
w
is
e
 
be
n
di
n
g 
m
o
de
,
 
w
hi
ch
 
o
n
 
th
e
 
o
th
e
r 
ha
n
d 
sh
o
w
s 
a
 
ve
ry
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